Catalytic oxidation is considered a viable method for reducing the sulphur level of transportation fuels and H 2 O 2 is usually used as the oxidant. For this reason, it is essential that any extraction operation must remove the oxidation product from the fuel. A new oxidation method is studied in the present work. Instead of H 2 O 2 , air was used as the oxidant and phosphotungstic acid (PW) was used as the catalyst; the latter was imbedded in the pore spaces of the mesoporous silica material SBA-15 to form a PW/SBA-15 composite. The oxidation reaction occurred in the pore spaces of the composite and the polar reaction products were immediately adsorbed there. As a consequence, there was no need for a subsequent exaction operation. Desulphurization experiments were carried out using a model fuel composed of n-octane and thiophene. The content of thiophene was reduced from 2000 ppmw to less than 1 ppmw at 50 o C and ambient pressure. The saturated PW/SBA-15 composite was regenerated at 350 o C by using a nitrogen flow for 4 h. Such conditions allowed the catalytic activity to be recovered.
INTRODUCTION
The element sulphur contained in transportation fuels poisons the catalyst employed for the emission control of vehicles with consequent serious effects upon human health and the environment. For this reason, stringent regulations regarding the sulphur content of transportation fuels have recently been issued. Thus, for example, in the U.S.A. the sulphur content of diesel fuel must be reduced from its current average value of 500 ppmw to 15 ppmw and that of gasoline from 350 ppmw to 30 ppmw by 2007 (Krause 2000) . Similar regulations are being implemented in Europe and Japan (Avidan et al. 2001; Knudsen et al. 1999) . However, such stringent regulations may elevate the production cost of transportation fuels (Parkinson 2001) and, hence, a search for an efficient and low-cost desulphurization method is required urgently.
The hydrodesulphurization (HDS) process is the technology that refineries rely on at present to reduce the sulphur level of commercial fuels. However, existing reactor sizes would have to be increased by a factor of seven or more (Whitehurst et al. 1998 ) and the hydrogen consumption would have to be increased considerably (Kemsley 2003) to achieve a deep desulphurization level. In addition, hydro-treated fuels would suffer from a loss of octane number and other preferred properties. Furthermore, although the HDS process is highly efficient in removing thiols and sulphides, it is not adequate for the removal of thiophenic compounds. It also requires high temperatures (300-350 o C) and high pressures (20-100 atm of H 2 ) (Krause 2000; Avidan et al. 2001) . Thus, although HDS is used for the removal of sulphur compounds, it cannot remove all of them. Desulphurization methods other than hydrogenation, especially those at moderate temperature and pressure such as catalytic oxidation together with solvent extraction and π-complexation adsorption, have attracted the attention of research workers (Shiraishi et al. 2002; Otsuki et al. 2000; Hernandez-Maldonado and Yang 2003a,b; Yang et al. 2003; Hernandez-Maldonado et al. 2005) .
Thiophene and its derivatives can be effectively oxidized to sulphoxides and sulphones, and the oxidation products may then be removed from fuel by subsequent solvent extraction. Ultrasonic or photochemical promotion has been applied, but H 2 O 2 was still used as the major oxidant (Noyori et al. 2003) . However, improvements are required to decrease the cost of the oxidant and to avoid producing sulphuric wastewater. An alternative oxidation method is proposed here. Air is used as the oxidant and the catalyst is placed in the pore spaces of a mesoporous material to form a catalyst/adsorbent composite. This allows the oxidation reaction to be intensified locally, with the oxidation products being left in the pore spaces. In this manner, solvent-extraction processing would no longer be necessary.
EXPERIMENTAL

Model fuel and catalyst/adsorbent composite
A model fuel consisting of n-octane and 2000 ppmw of thiophene was used to test the effectiveness of the new method. Similar model fuels have been used in previous studies (Hernandez-Maldonado and Yang 2003b) . A mesoporous silica material, SBA-15, was synthesized as described previously (Zhou et al. 2005) . A known quantity of SBA-15 powder was then immersed in an equal volume of phosphotungstic acid (H 3 PW 12 O 40 ; PW) solution and allowed to stand for 12 h. After this time, the solid was dried by heating at 100 o C for 2 h and heating at 410 o C for 3 h, followed by cooling to room temperature in a nitrogen atmosphere. After characterization, the resulting PW/SBA-15 composite was then employed in the experiments described below.
Characterization of the PW/SBA-15 composite
The as-prepared PW/SBA-15 composite was examined using small-and wide-angle X-ray diffraction (XRD) methods, scanning electron microscopy (SEM), transmission electron microscopy (TEM) and nitrogen adsorption studies at -196 o C. The procedures and instruments used for these examinations were the same as those described previously (Zhou et al. 2005) . The specific surface area of the composite was determined on the basis of BET theory (Brunauer et al. 1938) , while the pore-size distribution was determined via the BJH equation (Barrett et al. 1951) .
Desulphurization test and sulphur detection
The desulphurization performance of the new oxidation method was tested using a stirred reactor arrangement. The model fuel and the PW/SBA-15 composite were mixed in a bottle using a constant bubbling stream of air. The bottle was then placed in a thermostat and mixed further at a mixer speed of 300 rev./min, with air only being allowed in when the temperature was at a constant value. The total sulphur content in the model oil was detected using a GC4000 gas chromatograph equipped with an EC-5 capillary column (length = 40 m; i.d. = 0.32 µm) in conjunction with a flame photometric detector. The column temperature was set at 60ºC with a split ratio of 50:1 being used for the analysis. The gasification temperature employed was 220ºC while the sample size was 2 µl. A calibration curve was employed to correct the GC results. The minimum thiophene concentration detectable was ca. 1 ppmw. spectra of the as-obtained SBA-15 sample and of those loaded with 20 wt%, 40 wt% and 60 wt% PW are shown in Figures 3 and 4 , respectively. The characteristic peaks of the two-dimensional hexagonal channel structure (Beck et al. 1992) are still visible in the spectra of the latter samples, but at a decreased intensity. No characteristic pattern for PW was observed at relatively low PW loadings, in agreement with observations previously reported in the literature (Zhang et al. 2001) . The adsorption/desorption isotherms of nitrogen at -196ºC and the pore-size distributions determined via the BJH equation are shown in Figures 5 and 6 for the SBA-15 sample and the composite loaded with 20 wt%, 40 wt% and 60 wt% PW, respectively. Type-IV features in the adsorption/desorption isotherms associated with H 1 -type hysteresis indicate that the pore sizes involved were all in the mesopore range while the pores themselves were open at both ends (IUPAC 1985; Gregg and Sing 1982) . The BET surface areas for SBA-15 sample and the composite loaded with 20 wt%, 40 wt% and 60 wt% PW, respectively, as calculated on the basis of the nitrogen adsorption data for relative pressures, P/P 0 , in the range 0.05-0.30 were 802 m 2 /g, 567 m 2 /g, 430 m 2 /g and 386 m 2 /g, respectively, while the corresponding total pore volumes evaluated from the amount adsorbed at P/P 0 = 0.99 were 1.311 cm 3 /g, 1.09 cm 3 /g, 0.97 cm 3 /g and 0.91 cm 3 /g, respectively.
RESULTS AND DISCUSSION
Catalytic oxidation
Effect of temperature
A known amount (1 g) of the PW/SBA-15 composite loaded with 40 wt% PW was placed in 100 g of the model fuel and agitated. In the presence of air and the PW/SBA-15 composite, the thiophene present in the model fuel oxidizes and the resulting oxidation product is trapped in the pores of the composite. As a consequence of the reaction, the sulphur content of the liquid phase diminishes, thereby allowing the conversion process to be monitored in terms of the sulphur content of the fuel. In the experiments conducted in this study, the air flow rate was maintained at 300 ml/min in all cases irrespective of the reaction temperatures employed. As shown by the resulted depicted in Figure 7 , the higher the temperature the faster the system attained complete conversion. The oxidation reaction involved may be represented as: It should be noted, however, that PW acid (H 3 PW 12 O 40 ) might also be oxidized to peroxides [H 3 PW 12 (O) n O 40 ] during this process. Since these are likely to be stronger oxidants, they may induce side reactions. Hence, a temperature of 50 o C and a reaction time of 300 min or less were considered appropriate for the reaction. The kinetics of the process in the presence of PW/SBA-15 composite loaded with 40% PW are shown in Figure 8 as plots of ln(C t /C 0 ) versus time at different temperatures. The linearity of these plots, especially for temperatures above 40 o C, indicates that the reaction with respect to thiophene exhibited first-order kinetics. It should be noted that the flow rate of air was kept constant in these kinetic studies, this being a necessary prerequisite for the linearity observed. The good performance of the PW/SBA-15 composite in both catalysis and adsorption was also demonstrated experimentally. Thus, a sulphur content decrease of only ca. 5% was observed after mixing the model fuel for 12 h with the unloaded SBA-15 adsorbent. However, when the PW-loaded composite was employed, no sulphur compound was detected in the filtered fuel. Hence, the oxidation products must remain trapped in the pore spaces of the composite.
Effect of air flow rate
Since air is an oxidant it exerts a direct effect on the desulphurization performance. To study this effect, experiments were undertaken using 100 g of the model fuel and 1 g of the PW/SBA-15 composite loaded with 40 wt% PW. The results obtained at 50 o C employing a reaction time of 300 min are depicted in Figure 9 . It will be seen that the reaction rate increased linearly with increasing air flow rate, with 100% conversion of thiophene or complete desulphurization being attained at a flow rate of 300 ml/min. 
Effect of PW/SBA-15 composite/fuel ratio
The effect of the gravimetric ratio of PW/SBA-15 composite to fuel, R, on the desulphurization performance of SBA-15 loaded with 40 wt% PW is shown in Figure 10 . In these experiments the reaction temperature employed was 50 o C while the reaction time was 300 min. The results obtained indicate that an appropriate weight ratio of PW/SBA-15 composite to fuel would be 0.01.
Regeneration test
The saturated PW/SBA-15 composite loaded with 40 wt% PW retaining the oxidation products obtained after the above experiments was heated for 4 h in a stream of nitrogen at 350 o C in order to effect regeneration. The regenerated material was then placed in contact with the model fuel once more and a further desulphurization test conducted at 50 o C using an air flow rate of 300 ml/min. The data depicted in Figure 11 show that the catalytic activity of the regenerated complex was recovered although it was slightly less than that exhibited by the original catalytic material. Such regeneration tests were repeated consecutively three times, thereby confirming the feasibility of the regeneration process.
CONCLUSIONS
1.
Although the model fuel employed was much simpler in composition than real transportation fuels, the experimental results obtained are still of value in testing the applicability of the new oxidation reagents towards the removal of thiophene and its derivatives. Such species are normally most difficult to remove from fuels.
2.
The PW/SBA-15 composite studied was prepared by impregnating the mesoporous silica material SBA-15 with phosphotungstic acid. The characteristic ordered channel structure of SBA-15 was maintained during this treatment as demonstrated by various ancillary experiments. The plots depicted correspond to the following: 1, fresh sorbent; 2, regenerated sorbent.
